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There is accumulating evidence that two aspects of
the innate immune response, the respiratory burst
and secretion of proteases, are intimately inter-
twined. A recent study suggests that K+ may be the
missing link. Is it time to merge signal transduction
with biophysics?
Neutrophils, key players of the innate immune response,
deploy a prodigious arsenal of antimicrobial weapons
to eliminate invading organisms. Following engulfment
of the microorganisms into a phagocytic vacuole, neu-
trophils effect killing by a combination of oxidative,
proteolytic and other mechanisms, including poration
of the microbial membrane by defensins, scavenging
of iron by lactoferrin and alteration of the intraphago-
somal pH [1–3]. The primary source of reactive oxygen
metabolites is the NADPH oxidase [4], a multimeric
enzyme complex which catalyzes the one-electron
reduction of oxygen to generate superoxide (Figure
1A). Superoxide is in turn the source of a variety of
other toxic oxidative species, including hydrogen per-
oxide formed by either spontaneous or catalyzed 
dismutation, and hypochlorous acid generated by
myeloperoxidase (Figure 1B).
The importance of the oxidative burst to the
microbicidal response is most evident in chronic
granulomatous disease (CGD). CGD patients, who
have a defective NADPH oxidase, suffer from recurrent
life-threatening bacterial and fungal infections and
abnormal tissue granuloma formation [5,6]. Similarly,
defects in protease secretion compromise the innate
immune response. Elastase-deficient neutrophils
render the host sensitive to infection by gram-negative
bacteria such as Klebsiella pneumoniae and
Escherichia coli [7], while cathepsin G-deficient
neutrophils are reportedly sensitive to Staphylococcus
aureus [8].
While the oxidative and proteolytic arms of the
microbicidal response have been generally thought to
be independent, recent evidence suggests that these
pathways may be closely interlocked. Specifically,
Reeves et al. [8] have recently presented evidence
that optimal release of proteases and other granular
contents into the phagosomal lumen is dependent on
the activity of the NADPH oxidase. Their data are
consistent with earlier observations that degranulation
is abnormal in neutrophils from CGD patients [9,10].
The model presented by Reeves et al. [8] is based
on the notion, originally introduced by Uvnas and
Aborg [11] and championed by Rahamimoff and Fer-
nandez [12], that secreted materials can be packed at
high concentrations within granules without exerting
osmotic forces, by binding to a matrix composed of a
charged proteoglycan hydrogel. During exocytosis,
release of the contents from the matrix, which has the
properties of an ion-exchange resin, requires occu-
pancy of the vacated sites by a counterion, in order to
maintain electroneutrality. Reeves et al. [8] propose
that K+ ions in the lumen of the phagosome function
as the counterion that enables solubilization of pro-
teases and myeloperoxidase from the primary granule
matrix (Figure 2A).
Figure 1A illustrates the mechanism envisaged 
by Reeves et al. [8] to account for K+ accumulation in
the phagosome. Briefly, electron transport by the
NADPH oxidase renders the lumen of the phagosome
electronegative with respect to the cytosol [2,6]
(Figure 1A). The presence of conductive pathways
would thus enable intraphagosomal accumulation of
K+ against its chemical gradient. Importantly, Reeves
et al. [8] argue that concentration of K+ well above the
cytosolic level occurs and is required for protease
liberation. In their model, osmotic swelling — which
would result in dilution of K+ — is precluded by
formation of a tight cytoskeletal mesh around the
phagosome, as suggested by the presence of vinculin
and paxillin. The model predicts that inhibition of the
NADPH oxidase would eliminate the electrical force
driving K+ ion accumulation, resulting in impaired pro-
tease secretion. Accordingly, inhibition of the oxidase
using diphenylene iodonium depressed the digestion
of bacteria by cellular proteases.
However attractive, the model proposed by Reeves
et al. [8] is not fully consistent with some crucial
observations. Their work relied heavily on the effects
of the ionophore valinomycin to implicate K+ in the
secretory cascade. They found that valinomcyin
impaired the digestion of bacteria and prevented the
phagosomal swelling observed at later times. They
attributed these effects to the ability of the ionophore
to dissipate the K+ concentration gradient generated
by the oxidase. Valinomycin is a conductive ionophore,
however, which should have enhanced, rather than
counteracted, the electrophoretic accumulation of K+
in the phagosomal lumen. Secondly, their microprobe
measurements indicate that the phagosomal and
cytosolic K+ concentrations are similar — 314±22 and
290 mMol g–1, respectively — failing to demonstrate
the proposed large increase in ionic strength. In this
regard, Reeves et al. [8] noted also that phagosomes
containing non-digestible particles, such as latex
beads, failed to swell even after the restraining
cytoskeletal mesh dissociates. Because the phagoso-
mal membrane was shown to be readily water-perme-
able, failure to swell implies that the osmotic content
of the phagosomal lumen is not markedly different
from that of the cytosol.
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Other premises established by Reeves et al. [8] are
also difficult to reconcile with current views of phago-
cytosis and secretion. It is hard to envisage how secre-
tory granules would gain access and fuse with
phagosomes that are surrounded by a tight cytoskele-
tal mesh that prevents them from swelling. In this
regard, persistence of a cytoskeletal coat around
phagosomes has been implicated in the inability of
lysosomes to fuse with phagosomes containing
mycobacteria [13]. Lastly, release of active proteases
by neutrophils stimulated with soluble agonists has
been amply documented by multiple laboratories [1].
Inasmuch as release occurs into the extracellular
space, an open compartment of constant ionic
strength, it is clear that proper secretion can proceed
without hypertonic accumulation of K+ or other ions. Of
note, the abnormal secretion reported in CGD cells was
recorded under these conditions [9,10], where oxidase
activity cannot contribute to changes in K+ concentra-
tion of the medium that bathes the exocytic opening.
How else could the NADPH oxidase influence the
rate and extent of secretion? At least two other 
mechanisms can be envisaged. The liberation of pro-
teases from the granules may be stimulated by the
reactive oxygen products themselves (Figure 2B), or
by another ion driven into the phagosome by the elec-
trical potential difference generated by the oxidase. It
is generally believed that protons are the main
counterions that neutralize the vectorial electron
transfer through the oxidase (Figure 1A). Proton
(equivalents) can either be pumped into the phago-
some by the vacuolar-type ATPase, or enter passively
via conductive ‘channels’. The molecular nature of the
conductance remains the subject of debate, with
some authors favoring translocation across the
oxidase itself [14,15], while others believe that a sep-
arate pathway exists [16,17] (Figure 1A).
Regardless of the molecular identity of the con-
ductive channel, the sum of the protons transported 
into the lumen of the phagosome — or the extra-
celllar space in the case of stimulation by soluble 
agonists — is not only required for the maintenance of
electroneutrality, but also provides an important
substrate for the dismutation and myeloperoxidation
reactions (Figure 1B). In this manner, proton translo-
cation may contribute to the release of proteases. By
providing a parallel conductive pathway, valinomycin
is expected to depress the inward flow of protons.
This would in turn reduce the conversion of super-
oxide to relevant products which may be required for
protease secretion.
Another possible mode of coupling is illustrated in
Figure 2C. As has been suggested for neurosecretory
vesicles [12], it is conceivable that the counterions
required to neutralize the charges on the matrix gel
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Figure 2. Models for the release of granule contents into the
phagosome.
(A) K+ ions entering from the phagosomal lumen via the fusion
pore leads to the release of proteases and myeloperoxidase
from the granule matrix. According to Reeves et al. [8], hyper-
tonic concentration of K+ in the lumen is required for this
release. (B) Reactive oxygen species (ROS) may enter the
granule and contribute to release of contents. (C) K+ / H+ ions
entering across channels in the granule membrane contribute
to release of contents.
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Figure 1. Ionic and chemical correlates of
the respiratory burst in neutrophil
phagosomes.
(A) The engulfment of a microorganism
triggers the activation of the NADPH
oxidase, which results in the vectorial
transfer of electrons from NADPH into the
phagosome, leading to the development
of a transmembrane potential (inside neg-
ative) and the reduction of O2, generating
superoxide (O2–). The membrane potential
drives H+ and K+ ions into the lumen via
conductive pathways; H+ ions are also
pumped in by the V-ATPase. (B) Superox-
ide is a substrate for superoxide dismu-
tase (SOD), which catalyzes the formation
of hydrogen peroxide. Peroxide can be
converted to hypochlorous acid (HOCl) by
myeloperoxidase (MPO). HOCl in turn can generate secondary reactive oxidants including hydroxyl radical (HO.) and singlet oxygen
(1O2). Note that H+ ions are consumed in the dismutation of superoxide and in HOCl formation. Superoxide can also combine with
nitric oxide to form peroxinitrite.
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enter the granules not through the exocytic opening,
but across the granule membrane itself. A high basal
ionic permeability of the granule membrane is consis-
tent with their very acidic pH, as substantive inward
proton pumping requires an equivalent transmembrane
displacement of counterions. Even if the basal granu-
lar permeability were low, an increase may occur upon
fusion with the plasma or phagosomal membranes.
In any event, the magnitude of the flux of cations
into the granule lumen would be influenced by the
transmembrane potential. Upon fusion with the target
membrane, the main contributor to the electrical
potential across the membrane of granules would be
the NADPH oxidase, which would propel cations into
their lumen, favoring dissociation ofproteases from
the matrix gel. This model could also explain the
inhibitory effects of valinomycin: by opening cation
permeation pathways in a random fashion the
ionophore would minimize the entry of counterions
into the granule matrix. Clearly, other modes of cou-
pling between the respiratory burst oxidase and
secretion, not involving electrical or ionic considera-
tions, are also possible and should not be discounted.
In summary, the bactericidal mechanisms of
phagocytes appear to have unexpected synergistic
interactions. The ability of the NADPH oxidase to mod-
ulate intraphagosomal pH as well as the cytoplasmic
pH had already been documented and suggested to
influence various aspects of the bactericidal response
[6,18–20]. The oxidase was also shown to alter calcium
homeostasis through changes in membrane potential
[6], potentially modifying signalling of secretion,
chemotaxis and phagocytosis. A role for K+ ions is a
tantalizing possibility but, in our view, remains to be
confirmed. Lastly, direct molecular interactions via for-
mation of multisubunit complexes that share signal
transduction modules is an attractive possibility. Thus,
Rac or other transducers recruited to the membrane
upon activation may perform simultaneous tasks in
various aspects of the immune response, such as the
respiratory burst, chemotaxis, phagocytosis and
secretion. Such multi-tasking would inevitably link the
various aspects of the microbicidal response.
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